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Design and Fabrication of Silicon Photonic Crystal
Optical Waveguides
Marko Loncˇar, Theodor Doll, Jelena Vucˇkovic´, and Axel Scherer
Abstract—We have designed and fabricated waveguides that in-
corporate two-dimensional (2-D) photonic crystal geometry for lat-
eral confinement of light, and total internal reflection for vertical
confinement. Both square and triangular photonic crystal lattices
were analyzed. A three-dimensional (3-D) finite-difference time-
domain (FDTD) analysis was used to find design parameters of the
photonic crystal and to calculate dispersion relations for the guided
modes in the waveguide structure. We have developed a new fab-
rication technique to define these waveguides into silicon-on-insu-
lator material. The waveguides are suspended in air in order to
improve confinement in the vertical direction and symmetry prop-
erties of the structure. High-resolution fabrication allowed us to in-
clude different types of bends and optical cavities within the waveg-
uides.
Index Terms—Finite-difference time-domain (FDTD) methods,
nanooptics, optical device fabrication, photonic bandgap (PBG)
materials, photonic crystals (PCS), photonic crystal waveguides.
I. INTRODUCTION
PHOTONIC crystals [1], [2] (PCs), two- and three-dimen-sionally periodic structures with high refractive index con-
trast, have recently become very interesting for the manipula-
tion of light. The existence of a photonic bandgap, a frequency
range in which propagation of light is prevented in all direc-
tions, makes photonic bandgap (PBG) structures very useful in
applications where spatial localization of light is required. For
example, by forming defects in a host PBG structure, we can
form localized electromagnetic states, and “trap the light.” Ide-
ally, by making a three-dimensional (3-D) photonic crystal we
can control propagation of light in all three dimensions [3]–[5].
Since fabrication of 3-D PC structures is still a difficult process,
a more appealing approach is based on the use of lower dimen-
sional photonic crystals to achieve confinement of light in three
dimensions. A structure that has recently attracted a lot of atten-
tion is a dielectric slab perforated with a two-dimensional (2-D)
PC lattice [6]–[10]. In such a structure, light is controlled in the
vertical direction by the means of total internal reflection (TIR)
(due to the refractive index contrast of high index core and low
index cladding), and in the lateral direction by distributed Bragg
reflection (DBR), due to the presence of the 2-D PC. Recently,
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there were reports on characterization of both active [11] and
passive [12] devices based on this system.
The idea of using line defects in photonic crystals to guide
light was proposed by Meade et al. [13]. Mekis et al. [14] have
developed the theoretical foundation of understanding 90
bends in the 2-D photonic crystals. Experimental confirmation
of this theoretical work in the millimeter-wave range using long
alumina rods was provided by Lin et al. [15]. The disadvantage
of using photonic lattices constructed from dielectric rods
surrounding an air waveguide is that there is no mechanism for
low-loss vertical confinement of the light within the waveguide
at optical frequencies. A more favorable geometry is the one
introduced above, a thin dielectric slab perforated with holes,
within which a line defect of missing holes can be defined.
3-D theoretical analysis [16], [17] and qualitative experimental
characterization [18]–[20] of light guiding within waveguides
made in the photonic crystal slabs have been recently reported.
In this paper, we present the theoretical analysis and fabrica-
tion of waveguides that incorporate 2-D photonic crystal geome-
tries for lateral confinement of light, and total internal reflection
for vertical confinement.
II. THEORETICAL ANALYSIS
We start with a theoretical analysis of the band structure for
both square and triangular lattice photonic crystals in order to
find design parameters, such as interhole spacing , radius
of holes , and thickness of the slab , that will give us a
bandgap centered around interesting 1.5- m wavelength range.
Full 3-D analysis is required since the waveguide incorporates
vertical confinement of light. In contrast to the infinite 2-D case,
finite-thickness slabs can support modes with higher order ver-
tical oscillations, and, if the slab is made too thick, the presence
of these modes can result in closing of the bandgap [9]. There-
fore, the thickness of the slab is a critical parameter in this struc-
ture and needs to be modeled. In addition, 2-D analysis of ver-
tically extended structure (infinitely thick slab) would result in
band diagrams that are shifted toward the lower frequencies. The
reason for that is the fact that in the case of the slab waveguide
guided modes are not completely confined in the slab, but also
extend into the air. Therefore, the energy of the guided mode
will be higher and the bands will be at higher frequencies than
in the case of 2-D waveguide with infinitely long holes.
The structure that we analyze first is a silicon slab patterned
with square or triangular lattice of holes and surrounded by air
(Fig. 1). Three-dimensional final-difference time-domain (3-D
FDTD) scheme [21], [22] was used to calculate band diagrams
0733–8724/00$10.00 © 2000 IEEE
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(a)
(b)
Fig. 1. (a) Si slab perforated with 2-D square lattice of holes (top view).
Lattice vectors are a = a  (1; 0; 0) and a = a  (0;1; 0). Reciprocal
lattice vectors are b = (2=a)  (1; 0; 0) and b = (2=a)  (0;1; 0).
Without loss of generality, interhole spacing a in the figure is chosen to be
a = =a (dimensionless units), in order to conveniently show reciprocal
lattice vectors. The square represents the first Brillouin zone (BZ), and  ; X;
and M are the high symmetry points with coordinates (in reciprocal space):
  = (0;0; 0); X = (0; =a; 0); M = (=a; =a; 0). Empty circles
represent location where the waveguide will be defined by removing the entire
row of holes. (b) Si slab perforated with 2-D triangular lattice of holes (top view).
Lattice vectors are a = a  (
p
3=2;  1=2;0); and a = a  (
p
3=2;1=2;0).
Reciprocal lattice vectors are b = (4=a
p







3=2;0). As explained in (a), we chose a = 4=3a
in order to represent reciprocal and real-space lattice vectors in the same
figure. The hexagon represents the first BZ. Coordinates of high symmetry





J = (4=3a)  (0;1; 0).
for square and triangular [23] lattices. In both cases, we ana-
lyzed a lattice unit cell by applying appropriate boundary condi-
tions to its sides: Bloch boundary conditions to all four sides per-
pendicular to the plane of the slab, Mur’s absorbing boundary
condition [24] (ABC) to the top boundary, and mirror boundary
condition at the middle of the slab. In that way we reduce the
computation time by analyzing only one half of the unit cell. By
changing the type of the mirror symmetry we could select even
(TE-like) or odd (TM-like) eigenmodes of the photonic crystal
structure. The spatial resolution that we used to discretize our
structures was 20 computational points per interhole spacing
. The thickness of the Si slab was equal to
and the hole radius was . The index of refraction of Si is
assumed to be . Mur’s ABC was applied at a distance
of 60 computational points away from the top surface
of the slab (approximately one midgap wavelength in the air),
yielding the computation box of cubical cells.
(a)
(b)
Fig. 2. Band diagrams of eigen modes of Si slab perforated with 2-D lattice
of holes of (a) square and (b) triangular symmetry. The thickness of the slab is
chosen to be d = 0:55a and the hole radius is r = 0:4a, where a is the interhole
spacing. Even modes are represented with circles and odd with stars. Insets show
the SEM micrographs of the fabricated photonic crystal structures (scale bar is
500 nm), and first Brillouin zones with characteristic high symmetry points.
Band diagrams for the even (TE-like) and odd (TM-like)
eigenmodes of the PC structure with square symmetry are
shown in Fig. 2(a), and with triangular symmetry in Fig. 2(b).
The -axis represents different directions in the reciprocal lat-
tice (see Fig. 1), and the -axis normalized frequency in units of
, where is the wavelength in the air. The solid
line shown in the plots represents the light line—dispersion
relation for the photons in the air having momentum as one on
the -axis. Modes with frequencies above the light line will
leak energy into the air, and thus represent the loss mechanism
of the waveguide.
As can be seen, in both structures the first-order bandgap is
open for the guided modes of the slab (modes below the light
line) that have an even symmetry (TE-like). However, it is im-
portant to notice that the Si slab perforated with 2-D photonic
crystal does not have a full 3-D bandgap. Since in the third di-
mension (vertical direction) light is confined to the slab due to
the total internal reflection, a bandgap is formed only for the
guided modes, as mentioned above. Modes with frequencies
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TABLE I
DESIGN PARAMETERS OF THE PHOTONIC CRYSTAL USED IN ORDER TO HAVE BANDGAP CENTERED AROUND  = 1.5 m
(a)
(b)
Fig. 3. (a) Cross section of the fabricated square lattice waveguide suspended in the air. (b) Schematic of the waveguide viewed end-on. Reflection symmetry
planes are:  in the middle of the slab (vertical symmetry plane), and  in the center of the waveguide (lateral symmetry plane).
above the light line can couple to the continuum of the radia-
tive modes, and therefore a complete bandgap does not exist [7].
As can be seen in Fig. 2, the triangular lattice has a much wider
bandgap than the square lattice, a result of the greater symmetry
and the smoother Brillouin zone in that geometry. If we take
into account fabrication tolerances (size and shape of the holes,
thickness of the slab, etc.) it is possible that in the fabricated
square lattice structure the bandgap will be closed. Therefore,
the triangular lattice is in many ways a more tolerant candidate
for investigating the properties of the photonic crystal waveg-
uides.
From Fig. 2 we can find the design parameters for each struc-
ture so that the bandgap is centered around wavelength of
1.5 m. The results are summarized in the Table I. Once we find
the value of interhole spacing (a), we can calculate the resolution
of our FDTD algorithm (in nanometers). We find, using Table
I, that the edge length of one computational cell is 24.8 nm in
the case of square lattice, and 27.35 nm in the case of triangular
lattice.
When we introduce a line defect into the photonic crystal by
removing an entire line of holes from the 2-D crystal lattice
(Figs. 1 and 3), we form the simplest photonic crystal wave-
guide [1], [13], [14]. By forming such a defect, we are adding
donor impurities to the photonic crystal, and as a result modes
from the air band are pulled down into the bandgap and form
defect states. Energy can now propagate only along this line de-
fect, and this results in waveguiding of light. Propagation in the
lateral direction is suppressed since the defect mode is within
the bandgap of the photonic crystal, and propagation in the ver-
tical direction is prevented since the mode is below the light
line. In our case, waveguides are extending along -axis in 3-D
space (Fig. 3). Due to the periodicity of the lattice, the waveg-
uides analyzed here have discrete translational symmetry with
periodicity . In Fig. 1(a), one half of the waveguide 1-D unit
cell is represented with a rectangle of width .
Single-line defect waveguides were modeled using the 3-D
FDTD algorithm. Discretization was again 20 points per inter-
hole spacing . Since the waveguide has reflection sym-
metry in vertical and lateral direction, we could
reduce computation time by analyzing only one quarter of the
structure by applying mirror boundary conditions in the middle
of the slab and in the center of the waveguide (Fig. 3). Bloch
boundary conditions were applied in -direction, at the bound-
aries of the waveguide unit cell. For analysis of the square lat-
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(a)
(b)
Fig. 4. Dispersion diagram for (a) vertically even (TE-like) and (b) vertically
odd (TM-like) guided modes in the waveguide made as a single-line defect in a
square PC lattice. Dispersion diagram is calculated for 25 different values of the
propagation constant k () in the interval (0; =a). Symmetry of the modes
with respect to the lateral symmetry plane ( ) is indicated. Solid line from
(0;0) to (=a; 0:5) represents the light line. Regions where guiding can occur
are shown in white color. Leaky modes are mapped out as well (modes in the
gray regions). Modes are labeled e1–e4 for vertically even case (TE-like), and
o1–o2 for vertically odd case (TM-like). Characteristic high symmetry points
are also shown (dielectric band only). Insets show field patterns of (a)B and (b)
E components in the middle of the slab (z-slice) for different guided modes.
In the case of TM-like guided modes (o1 and o2), the distribution of the E
component along the cross section of the waveguide is also shown. The intensity
scale bar is shown in Fig. 6.
tice, Mur’s ABCs were applied in the vertical direction, at a dis-
tance computational units away from the surface
of the waveguide, and in the lateral direction, after five layers
of photonic crystal. Therefore, the computational domain con-
sisted of cubic cells. The advantage of using ab-
sorbing boundary conditions over the supercell approach is that
we can map out not only the guided modes of the structure, but
also the leaky modes—modes that satisfy vertical resonance in
the waveguide but lie above the light line. For analysis of the tri-
angular PC lattice, Mur’s ABCs were applied after eight layers
(a)
(b)
Fig. 5. Dispersion diagram for (a) vertically even (TE-like) and (b) vertically
odd (TM-like) guided modes in the waveguide based on the triangular PC lattice.
The light line, guiding regions, and leaky regions are labeled as in Fig. 4. Leaky
modes are not shown in the case of TM-like modes. Insets show field patterns
of (a) B and (b) E components in the middle of the slab (z-slice). In the
case of TM-like modes (o1, o2), the distribution of the E component along
the cross section of the waveguide ( –plane) is shown as well (note that the
cross sections for the o1 and o2 modes are taken at different positions along
the waveguide). Field profile for o2 is taken near the cutoff and, therefore, the
field penetrates the photonic crystal, as can be seen in the inset. The scale bar is
shown in the Fig. 7.
of photonic crystal (in lateral direction). The other boundary
conditions used were the same as in the case of the square lattice.
Therefore, computational domain in the case of the triangular
lattice consisted of cubic cells.
We present dispersion diagrams for guided modes of the
single-line defect photonic crystal waveguide in Figs. 4 and 5.
Symmetry of these modes with respect to the -plane is
indicated. The propagation constant , also labeled as , is
on the -axis of the diagram, and the normalized frequency in
units of is on the -axis.
The direction of propagation of light in the case of the wave-
guide made in a square-lattice PC is along the direction in
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Fig. 6. Distribution of the B component of the field along the cross section of the square-lattice-based waveguide ( –plane) for different guided modes.
Labeling is (mode #, k  (a=); a=). (a) (e1, 15/24, 0.173), (b) (e2, 22/24, 0.320), (c) (e3, 22/24, 0.395), and (d) (e4, 22/24, 0.404). It can be seen that all the
modes are fundamental in the vertical direction. The core of the waveguide appears as the rectangle in the center of the figure. Intensity scalebar is also shown.
the reciprocal space [Fig. 1(a)]. Due to the periodicity of the
waveguide in the direction, can only take values in the in-
terval , or in terms of 2-D PCs, any value from di-
rection. The procedure for finding dispersion diagram of guided
modes, introduced in the [25], is as follows. We fix one value
of by applying Bloch boundary conditions to the boundaries
of the waveguide unit cell. Then, we evolve in time the ini-
tial field in the waveguide and store the field evolution in sev-
eral low-symmetry points. We find the spectrum of these time
evolutions by applying a fast Fourier transform. Peaks in the
spectrum correspond to the characteristic modes of the struc-
ture [25]. However, not all of the modes that we find in this way
are necessarily guided modes of the waveguide. We can detect
modes of the PC slab, as well. Since guided modes can exist
only in the region in space where there are no pho-
tonic crystal modes, it is necessary to project all the bands of
PC lattice from the Fig. 2(a) onto the direction. In Figs. 4
and 5, the dark gray regions are regions where modes of pho-
tonic crystal slab exist. Those regions are obtained from Fig. 2,
taking into account not only the guided modes shown there, but
also the leaky modes. The light line is indicated with solid line
from to . All modes above the light line, in the
light gray region, will leak energy into the air, and modes that
exist in the dark gray region will couple to the states of photonic
crystal and leak energy into it. The regions where 3-D localiza-
tion of light in the waveguide can occur are shown in white in
both Figs. 4 and 5.
Analyzing Fig. 4, it becomes clear that there are two mecha-
nisms of light confinement in the lateral direction.
First,guidingcanoccur if themodeisbelowallphotoniccrystal
modes (modes e1, o1, and o2 in Fig. 4). These modes do not “see”
the Si slab perforated with 2-D PC lattice as the PBG material, but
rather as material with an effective refractive index lower
than the refractive index of Si core . The mechanism
of guiding for these modes is exactly the same as in the standard
ridge waveguide—total internal reflection. Since they do not see
periodicity of the PC there is no upper limit for the propagation
constant , and therefore, at the zone boundary ,
they are foldedback into the firstBrillouinzone of the waveguide.
Also, there is no bandgap opened at the zone boundary for these
modes, another striking evidence of the fact that the modes are
purely index-guided. When these modes cross the regions where
the modes of the PC slab exist, they interact with them and leak
energy into the PC. This is due to the fact that the modes of the
PC slab extend outside the first BZ.
Another type of guiding occurs for the modes that are located
in the bandgap (modes e2–e4 in Fig. 4). These modes are truly
photonic crystal effect guided modes, and would not exist if
there were no photonic crystal. They are pulled down, in the
bandgap, from the air band and, therefore, we expect them to
have the properties of that band. Since the bottoms of the air
bands are flat (see band diagrams of the even modes in the
direction, Fig. 2), we expect these PC effect guided modes to
have flat dispersion relations (Fig. 4). The flatness of the disper-
sion relation will result in small group velocity and inefficient
transport of energy, the property that needs to be investigated in
more details.
Field profiles of the (TE-like modes) and (TM-like
modes) components of the field in the middle of the slab
( –plane) are shown as insets in Fig. 4. Fig. 6 shows field
distribution of the same components along the cross section of
the waveguide ( –plane) for several different modes. As we
can see, all the modes are fundamental in the vertical direction,
and have a different number of nodes in the lateral direction. In
this work, we are interested in the PBG effect guided modes:
mode e2 in the first-order bandgap, and modes e3 and e4 in
the second-order bandgap. Field profiles for these modes are
taken for . For this value of , mode e2 approaches,
in space, modes of PC slab (gray region), couples
to them and leaks energy into the photonic crystal. This can
be observed in the inset e2 in Fig. 4(a) as the field pattern
penetrating the photonic crystal. If we move away from the
zone boundary, closer to the light line, the mode will start to
radiate more energy into the air, and again will be lossy. If we
want to excite the e2 mode with an external light source, light
will also couple to the leaky e1 mode, since it exists in the
same frequency range, and coupling efficiency will decrease.
In addition, the dispersion diagram for the TM-like modes
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Fig. 7. Distribution of the B component of the field along the cross section of the triangular-lattice-based waveguide ( –plane) for different guided modes.
Labeling is (mode #, k  (a=); a=). (a) (e1, 17/24, 0.191), (b) (e2, 24/24, 0.260), (c) (e4, 21/24, 0.346), and (d) (e5, 21/24, 0.382). Again, all the modes are
fundamental in the vertical direction. The core of the waveguide appears as the rectangle in the center of the figure. Intensity scalebar is also shown.
[Fig. 4(b)] tells us that the mode o2 exists in the same frequency
range as the e2, and, therefore, the single-mode operation of
waveguide is not possible. However, this problem could be
solved by selecting the polarization of the input light, so that
we preferentially couple to the e2 mode. Modes e3 and e4 in
the second-order gap have different spatial profiles but are very
close in frequency. This can be understood by analyzing the
properties of the PC slab modes. We observe that the second air
band along the direction [Fig. 2(a), even modes] is double
degenerate, and therefore when pulled down in the bandgap
will produce two closely spaced modes e3 and e4.
In Fig. 4(b) we show the dispersion relation for guided modes
with vertically odd symmetry (TM-like). Although there is no
bandgap for TM-like modes [Fig. 2(a)], light can be localized to
the waveguide due to the refractive index contrast, as described
above.
In Fig. 5 we show dispersion relations for the guided modes
in the waveguide based on the triangular PC lattice. In the case
of a triangular lattice waveguide, a single-line defect is formed
in the direction [Fig. 1(b)]. Again, can assume values
in the interval that represents of the direction.
In Fig. 5, we have projected all the bands from Fig. 2(b) to the
range (gray regions). We see that the triangular-lat-
tice-based waveguide can support several TE-like modes. Two
of them, e1 and e2, are index guided and lie below the modes
of PC lattice. Other modes are PBG effect guided, and are lo-
cated in the bandgap. The structure also supports two index
guided TM-like modes [Fig. 5(b)]. Since the bandgap is closed
in the case of TM-like modes [Fig. 2(b)] there are no PBG ef-
fect guided TM-like modes. In Fig. 7 we show field profiles of
the components along the cross section of the waveguide
( –plane) for several different modes.
Very often it is desirable for a waveguide to operate in the
single-mode regime. Although the triangular-lattice-based
waveguide is multimode, all PBG-effect guided modes are
separated in frequency. Therefore, by working in one frequency
range we can excite only one TE-like guided mode at a time.
However, it can be observed that leaky modes are present
at all bandgap frequencies. Because of that, when coupling
light from an external source to the guided mode of the
waveguide, we excite these leaky modes as well, and coupling
efficiency decreases. Therefore, in order to have good coupling
efficiency, we should eliminate leaky modes in the frequency
range where guided mode of interest is present. This can be
done, for example, by reducing r/a ratio of the PC lattice [26]
or by narrowing the waveguide [27]. As in the case of the
square-lattice waveguide, both TE-like and TM-like guided
modes exist in the frequency range of interest (midgap of the
first-order bandgap). The single-mode regime of operation can
be achieved in two ways: by selecting the polarization of the
input light, or lithographically, by reducing the width of the line
defect. By narrowing the waveguide, we can push some of the
modes back into the air band and reduce the number of guided
modes. In that way, we could increase the cutoff frequency of
the TM-like modes while keeping some of the TE-like ones,
and achieve a single-mode regime of operation.
In conclusion, we have shown that there are two types of
guided modes in both square- and triangular-lattice-based
waveguides. In addition, we have shown that guiding can occur
for the vertically odd modes (TM-like) due to the effective
refractive index contrast, although there is no bandgap for
TM-like modes. Index-guided modes (all of the TM-like
modes) are not expected to have high transmission around
sharp corners in the structures that we describe in the next
section. (However, Manolatou et al. [28] have recently pro-
posed and analyzed, in two dimensions, a novel way of light
guiding around sharp bends using index guiding in standard
ridge waveguides with cavities.) On the other hand, modes
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(a)
(b)
Fig. 8. (a) Waveguide with two 60 bends and 25 m bend-to-bend spacing.
(b) High-Q cavity filter formed by coupling single-defect cavity to the two
waveguide sections.
that are located in the bandgap are expected to have high bend
transmission due to the fact that light cannot escape into the
photonic crystal, but only can be scattered out in the vertical
direction. Recently, transmission around sharp bends in the
3-D structure has been numerically characterized by Chutinan
et al. [26].
III. FABRICATION
In this section, we describe the fabrication procedure for
making photonic crystal waveguides. We have fabricated
straight waveguides and waveguides with a different number
of 90 and 60 bends in square and triangular lattices, respec-
tively. 90 bends are fabricated with three different lengths
of the bend cavity [14]. In the case of two-bends waveguides
[Fig. 8(a)] we have fabricated structures with three different
bend-to-bend lengths (25, 65, and 105 m). In addition, we
have fabricated structures that incorporate different types of
cavities coupled to the input and output waveguide [Fig. 8(b)].
These types of structures can be used as high- filters but
are also very promising candidates for quantum computing
applications [29].
Our waveguides were fabricated in silicon-on-insulator (SOI)
wafer, as single-crystal silicon is known to be transparent within
the interesting 1.3–1.7 m wavelength range. The fabrication
TABLE II
THE STRUCTURE OF THE WAFER
Fig. 9. Fabrication procedure: 1) oxidation and 2) HF dip in order to define
the thickness of the Si slab; 3) deposition of PMMA and 4) electron-beam
lithography to define patterns in PMMA; 5) CAIBE to transfer patterns into
silicon; 6) removal of PMMA and thinning of the substrate; 7) HF dip to
remove the SiO layer underneath the waveguide in order to improve the
vertical confinement of light.
techniques to define microstructures within silicon have been
thoroughly researched, and it is possible to obtain large areas
of high-quality waveguide slabs of known thickness. The ad-
vantage of the procedure described here is that, due to the high
etching rate selectivity of polymethylmethacrylate (PMMA)
over silicon, no mask amplification procedure is required to
define the photonic crystals. Patterns are defined in PMMA
using electron-beam lithography, and directly transferred into
Si using chemically assisted ion beam etching [30] (CAIBE).
The structure of the wafer is shown in Table II and the whole
fabrication procedure is shown in the Fig. 9. As discussed be-
fore, the optimal thickness of the Si slab is around for
the square and for the triangular lattice. This thickness
can be controlled on an SOI wafer by oxidizing the surface of
the Si until the desired silicon thickness is obtained.
After oxidation, the formed SiO layer was removed from
the top by dissolution in hydrofluoric acid. The sample was
then prepared for electron-beam lithography. A PMMA, with
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(a)
(b)
Fig. 10. (a) SEM micrograph of the 90 bend in the square lattice after CAIBE.
(b) SEM micrograph of the cross section of the square lattice waveguide. Layers
top-down are Si slab (280 nm), SiO (340 nm), and Si substrate. The lattice
constant is a  500 nm and hole radius r  200 nm.
molecular weight of 950K, was deposited on the sample by spin-
ning. The sample was then baked on a hot plate at 150 C for
45 min. The resulting PMMA thickness was measured to be
150 nm. Electron-beam lithography was performed in a con-
verted Hitachi S-4500 field emission scanning electron micro-
scope operated at 30 kV. The 500- m sections of both trian-
gular- and square-lattice photonic crystal waveguides were de-
fined. The exposed PMMA was then developed in a 3:7 mixture
of 2-ethoxyethanol and methanol for 30 s and finally rinsed in
IPA for 15 s. Patterns were then transferred through the Si slab
using CAIBE with a 1250-V Ar beam assisted by XeF as a
reactive gas [Fig. 10(a)]. We measure a 7:1 selectivity of Si etch
rates versus PMMA in our optimized CAIBE system, which en-
ables us to use relatively thin PMMA layers (50 nm thick) as
etch masks. In addition, the directionality of etch was found to
be almost vertical, as can be observed in Fig. 10(b). This high
selectivity and anisotropy permit us to define high-quality pho-
tonic crystal structures within SOI silicon structures. After the
CAIBE etching procedure, the PMMA resist was removed from
the top of the sample.
In order to be able to couple the light in and out of the wave-
guide it is necessary to have access to both of its ends. To do
so, the samples were cleaved from both sides. Prior to cleaving,
the sample was mechanically polished from the back side using
(a)
(b)
Fig. 11. (a) SEM micrograph of the cross section of the triangular-structure
waveguide suspended in air. Layers top-down are Si slab/air/Si substrate. (b)
SEM micrograph of 60 bend in the triangular lattice. Area that is undercut
extends about 1 m around the waveguide. Parameters of the fabricated
structure are a  530 nm, r  208 nm, and d  300 nm.
Al O polishing powder, and thinned from 500 to below 100
m. This enabled us to obtain smooth cleaved edges at both
sides of the waveguide [Fig. 10(b)] which is very important in
order to reduce the insertion losses during optical coupling from
a glass fiber to the photonic crystal waveguide.
The final step, undercutting of the waveguide, again required
immersion in hydrofluoric acid. This was performed in order
to increase the refractive index contrast in the vertical direc-
tion and thereby improve the vertical confinement of the light
within the slab. In addition, by having the slab surrounded by
air at both sides, the structure is made symmetric and its eigen-
modes can be characterized by their symmetry properties in the
vertical direction. As we have seen, the bandgap is open only
in the case of vertically even modes. If we did not remove SiO
layer, the symmetry would be broken, and the distinction be-
tween even and odd modes of the slab destroyed. Formerly odd
modes would come into play and possibly close the bandgap
[9]. The SiO layer underneath the waveguides was removed
by dissolution through the ion-etched holes. The fabricated SOI
sample was dipped into 49% HF for 30 s, and was then rinsed
with deionized water for 1 min. This process left the Si wave-
guide and photonic crystal mirror membrane suspended in the
air. Fig. 11 shows the cross section and the top view of a typical
photonic crystal waveguide after HF undercutting.
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The design parameters of the fabricated square and triangular
structures are summarized in Table I. In the case of square lat-
tice, design parameters of the fabricated structure match well
with the designed ones. Fabricated triangular-lattice structure is
about 5% smaller than the designed one. However, due to the
wide bandgap of the triangular lattice, this change is not signif-
icant. The normalized frequency at 1.5 m (for 530
nm) is , still in the bandgap.
IV. CONCLUSION
We have presented the design and fabrication of photonic
crystal waveguides. 3-D FDTD analysis was used to find the
eigenmodes of an optically thin slab perforated with 2-D lattice
of holes, and single-line defects in both triangular and square PC
lattices. We have shown that a single-line defect supports both
effective index contrast guided and PBG effect guided modes.
In addition, we have shown that the index guiding can occur
for the vertically odd modes (TM-like) although the bandgap
is not open in that case. We have developed a new fabrication
technique for defining these structures in SOI wafers. We have
characterized the single-line defect waveguides presented here
and we were able to see evidence of guiding of light around 60
and 90 corners [20].
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